Introduction
Although extensive studies have shown that many neuroprotectants reduce infarction and improve neurologic functions in animal models of stroke, translational studies ranging from basic research to clinical applications suggest that few neuroprotectants can offer protective effects (Hoyte et al, 2004) . This necessitates the exploration of novel therapeutic approaches, such as ischemic postconditioning, a strategy that has emerged recently.
Ischemic postconditioning was initially defined in the field of myocardial ischemia research as a series of brief mechanical occlusions and reperfusions (Na et al, 1996; Zhao et al, 2003b) , which has also recently proved to be effective against cerebral ischemia (Pignataro et al, 2008; . Its protective effect has been shown to be comparable with that of ischemic preconditioning, which refers to a brief, sublethal ischemia that prevents ischemic injury caused by a subsequent prolonged, lethal ischemia (Murry et al, 1986; Perez-Pinzon, 2004) .
The initial concept of ischemic postconditioning, like that of ischemic preconditioning, has evolved into a concept that includes a broad range of stimuli or triggers ( Figure 1 ). As have reviewed earlier, any sublethal stimulus can serve as a trigger for preconditioning. These stimuli include focal or global cerebral ischemia, inflammation, epilepsy, hyperbaric oxygenation, metabolic inhibition, oxidative stress, cortical spreading depression, hypothermia, and hyperthermia (Dirnagl et al, 2003) . In addition, it is widely accepted that some anesthetics can serve as triggers for preconditioning (Kitano et al, 2007; Wei et al, 2007) . Ischemic postconditioning is defined to contrast with ischemic preconditioning, implying that a stimulus for ischemic preconditioning is moved temporally from before ischemia to after reperfusion . Therefore, consistent with the evolved concept of preconditioning, postconditioning, in this review, also refers to a broad range of sublethal stimuli or insults performed immediately or up to 2 days after cerebral ischemia (Burda et al, 2006b) , including a series of interruptions of reperfusion , a single, brief ischemia or hypoxia (Pignataro et al, 2008) , and the application of a pharmacological, neurotoxic agent (Burda et al, 2006b) . In this article, postconditioning performed immediately or within 30 min after reperfusion is defined arbitrarily as rapid postconditioning, whereas that performed hours or days after reperfusion is defined as delayed postconditioning (Ren et al, 2008) . Last but not the least, isoflurane postconditioning is included in this review not only because it is a widely accepted concept, but also because its implementation was triggered by the concept of ischemic postconditioning (Lee et al, 2008) . However, unlike preconditioning, the postconditioning category does not include some wellknown traditional strategies for neuroprotection, such as postischemic hypothermia (Busto et al, 1989) and hyperbaric oxygenation (Singhal et al, 2002) , because these postischemic treatments have formed their unique research fields, and may have distinct protective mechanisms from ischemic postconditioning.
In this article, I will briefly examine the history of ischemic postconditioning studies, and then review the postconditioning models used in stroke research and the potential protective mechanisms of postconditioning. Finally, some potential issues, open questions, and hypotheses related to ischemic postconditioning will be discussed.
The historical view on ischemic postconditioning: from the heart to the brain Ischemic postconditioning was believed to be a brand-new concept when it appeared within a 5-to 6-year span in research on myocardial ischemia (Tsang et al, 2005; Zhao, 2007) . It was also believed to be derived from the concept of ischemic preconditioning , or from partial or controlled reperfusion (Tsang et al, 2005) . However, the first report of ischemic postconditioning was published more than five decades ago (Sewell et al, 1955) , which is much earlier than the findings of preconditioning in 1964 (reviewed by Dirnagl et al, 2003) , and of partial or controlled reperfusion in the 1960s (reviewed by Vinten-Johansen et al, 2005) . Nevertheless, the formal concept of postconditioning was conceived of only 13 years ago (Na et al, 1996) , which is indeed much later than that of preconditioning.
In the 1950s, it was well-established that a sudden restoration of arterial flow after heart ischemia results in ventricular fibrillation (Sewell et al, 1955) , a medical emergency in which uncoordinated contraction (arrhythmia) of the cardiac muscle of the ventricles occurs, leading to the cessation of circulation and death. This hazard is related to the current concept of reperfusion injury. Inspired by the idea of attenuating reperfusion injury caused by the abrupt release of the occluded coronary artery, Sewell et al (1955) studied the protective effect of intermittent reperfusion in dogs with temporary coronary arterial occlusion, during which ventricular fibrillation occurred within a few to 20 secs after sudden reperfusion. They found that intermittent reperfusion, which equates to the current concept of ischemic postconditioning, abolishes fibrillation (Sewell et al, 1955) . Interestingly, such protection was once observed in a clinical case reported in 1994, in which the patient was subjected to acute myocardial ischemia (Grech and Ramsdale, 1994) . This protective phenomenon was repeated by Na et al (1996) , who first coined the term 'postconditioning', and found that postconditioning was as effective as preconditioning in preventing ventricular fibrillations in cats.
In the above-mentioned three studies, the outcome of myocardial injury was evaluated by the occurrence of fibrillation, which differs from current studies of ischemic postconditioning, in which infarct size is measured (Zhao et al, 2003b) . Although ventricular fibrillation does not equate to infarct size, ventricular fibrillation arrhythmias are wellknown complications of acute myocardial infarction (2) Postconditioning with a series of interruption of reperfusion (stuttering reperfusion), which consists of 3 or more cycles of brief reperfusion and occlusion. (3) Postconditioning with a single period of ischemia, hypoxia or anesthesia. (4) Postconditioning was induced by injection of neurotoxic agents. Solid bar, ischemia; open bar, reperfusion. The therapeutic time windows for postconditioning vary from a few seconds to 2 days after reperfusion.
Postconditioning reduces infarction H Zhao (Piccini et al, 2008) ; they occur before myocardial infarction, or develop during the early phase of myocardial infarction (Wong et al, 2003) . Thus, the above three reports (Grech and Ramsdale, 1994; Na et al, 1996; Sewell et al, 1955) are considered pioneering studies of ischemic postconditioning. However, postconditioning studies did not thrive until Zhao et al (2003b) published their first study on ischemic postconditioning in a myocardial ischemic model. This report served as a springboard for subsequent studies. In it, the authors found for the first time that postconditioning reduced the infarct size by B44%, which was comparable with the protective effects of preconditioning (Zhao et al, 2003b) . The protective effects of postconditioning in myocardial ischemia have since been confirmed by numerous studies (Zhao and Vinten-Johansen, 2006) , including models in rats (Obal et al, 2005) , mice , rabbits (Krolikowski et al, 2006) , and pigs (Iliodromitis et al, 2006) , as well as in in vitro settings (Dosenko et al, 2006) , leading to human clinical trials (Staat et al, 2005) .
A subsequent question is whether ischemic postconditioning can also apply to ischemic brains. The rationale of extrapolating postconditioning from treating heart ischemia to brain ischemia largely depends on whether the principle for stroke treatment is similar to that for heart ischemia therapy. Earlier studies have revealed that the mechanisms of ischemic brain injury have many aspects similar to those of myocardial ischemic injury, including ischemia/reperfusion injury (Kinouchi et al, 1991) , calpain-mediated necrotic pathways (Yamashima, 2000) , cytochrome c/caspase-mediated apoptotic pathways (Chen et al, 1998; Zhao et al, 2003a) , MAPK pathways (Noshita et al, 2002) , the protein kinase C (PKC) pathway (Shimohata et al, 2007a; Shimohata et al, 2007b) , and the Akt survival pathways . In addition, preconditioning robustly reduces ischemic damage in both the brain and the heart (Murry et al, 1986; Perez-Pinzon, 2004) . On the basis of these similarities, it is a logical and intriguing idea to test whether postconditioning also protects against cerebral ischemia. As a result, a few laboratories, including ours, have proved that ischemic postconditioning protects against brain injury after stroke.
Models and protective parameters for postconditioning against stroke
The protection afforded by any given neuroprotectant against stroke is characterized by its dosage (for pharmacological agents), therapeutic time windows, ischemic models, and its duration of sustainability, among other factors. Postconditioning is no exception. The parameters defining the protective effect of postconditioning against various models are reviewed below (summarized in Table 1 ).
Postconditioning Protects Against Focal Ischemia
In our first study, we have reported that rapid postconditioning reduces the infarct size as a function of ischemic severity-meaning, it is less effective with longer periods of ischemia (Zhao, 2007; . We found that rapid postconditioning reduced the infarct size by B80%, B51%, and B17%, respectively, in 15, 30, or 60-min common carotid artery (CCA) occlusion combined with the permanent distal middle cerebral artery (dMCA) occlusion. In another study, we then compared the impact of cycle numbers and duration of reperfusion/occlusion on the protective effect of rapid postconditioning using the ischemic model of 30-min bilateral CCA (bCCA) occlusion combined with permanent dMCA occlusion (Gao et al, 2008a) . Our results showed that rapid postconditioning conducted 10 to 30 secs after reperfusion reduced the infarct size, whereas it did not reduce infarction when it was initiated at 3 min after reperfusion. Taken together, this study suggests that the protection afforded by rapid postconditioning depends on the number of cycles and duration of each cycle of reperfusion and occlusion, and on the onset time of postconditioning (Gao et al, 2008a) .
Nevertheless, we did not exclude the possibility of delayed postconditioning with other settings performed at later time points protecting against brain injury based on two hypotheses. First, postconditioning may protect against cerebral ischemia at multiple time windows (as does preconditioning). For example, rapid preconditioning performed 1 to 3 h and delayed preconditioning at 1 to 7 days before ischemia offers protection, whereas preconditioning conducted at 12 h before ischemia does not reduce brain injury (Kitagawa et al, 1990; Kuzuya et al, 1993; Perez-Pinzon, 2004) . Second, postconditioning with different paradigms has varying therapeutic time windows. We recently tested the hypothesis that delayed postconditioning with different parameters reduces the infarct size, and indeed found that delayed postconditioning with some parameters performed at 3 and 6 h after stroke robustly reduced the infarct size (Table 1) , with the strongest protection achieved by delayed postconditioning with 6 cycles of 15-min occlusion or 15-min release of the ipsilateral CCA executed from 6 h (Ren et al, 2008) .
It is essential to test whether postconditioning provides lasting protection and preserves brain function, because some neuroprotectants, such as postischemic hypothermia (Dietrich et al, 1993) and rapid ischemic preconditioning (Perez-Pinzon, 2004) , have been shown to provide protection for only a few days after ischemia. In addition, reducing injured brain tissue may not translate into the preservation of neurologic function (Dumas and Sapolsky, 2001) . In a long-term study, we found that rapid postconditioning performed immediately after reperfusion reduced the lesion size to B40% in rats subjected to ischemia when measured 30 days after Postconditioning reduces infarction H Zhao The typical protocol for performing postconditioning is shown in Figure 1 . The onset time, occlusion (Ocl), and reperfusion (Rep) time are documented. The percentage of infarct size reduced by postconditioning is also summarized; when the exact number of infarct size was not reported in the cited literatures, infarct reduction was approximately estimated from the bar graphs. The potential protective mechanisms and the outcomes of behavioral tests are also summarized. S, species; R. rat; M, mouse; PMCAo, CCAo, permanent middle cerebral artery occlusion combined with bilateral common carotid artery occlusion; Focal, focal ischemia; Global, global ischemia; OGD, oxygen glucose deprivation; 2 or 4 VO, 2 or 4 vessel occlusion; Ocl, occlusion; Rep, reperfusion; N/A, non applicable; NP, no protection. *Postconditioning was induced by bilateral CCA occlusion and release. # postconditioning was performed by the ipsilateral CCA occlusion and release.
ischemia, and that rapid postconditioning improves neurologic function, as measured by the vibrissae test detecting an asymmetric forelimb usage (Gao et al, 2008b) . In addition, we also found that delayed postconditioning conducted from 6 h after stroke attenuated brain injury and improved the outcomes of behavioral tests up to 2 months using four standard methods, including the vibrissae test, postural reflex test, tail hang test, and home cage test (Ren et al, 2008) . Unlike the case of myocardial ischemia, in which rapid postconditioning has been ubiquitously found to offer remarkable protection , in our experiments, robust protection by rapid postconditioning is observed only in moderate or mild brain ischemia in which the bilateral CCA occlusion time was 15 or 30 min , whereas the protection is mild in more severe ischemia (60 min of CCA occlusion). Xing et al (2008a) have also found that rapid postconditioning reduced infarction by only 16% and 12% 1 and 3 days after stroke, respectively, in a middle cerebral artery (MCA) suture occlusion model. Therefore, in our studies, rapid postconditioning does not seem to generate the same level of protection in the ischemic brain as has been shown in the ischemic heart (Zhao et al, 2003b) . However, we have not tested whether the optimized conditions, which were defined in our recent study (Gao et al, 2008a) , afford better protection in a longer period of ischemia, and Xing et al did not compare the protective effect with different postconditioning parameters. Therefore, we cannot exclude the possibility that the relatively weak protection is because of the usage of suboptimal parameters of rapid postconditioning.
In contrast with our finding, Pignataro et al (2008) have shown a very strong protection with postconditioning in a severe focal ischemic model , in which the MCA was occluded for 100 min. Their results showed that postconditioning with 3 cycles of 5-min reperfusion or 5-min occlusion reduced infarction by 38%, and that one cycle of 10-min occlusion initiated after 10 min of reperfusion reduced the infarct size by B70%, compared with rats subjected to control ischemia. However, postconditioning with 10 min of occlusion started at 30 min of reperfusion offered no protection. Again, this study suggests that the onset time of postconditioning is critical for its neuroprotective effect.
The protective effect of postconditioning can be achieved not only by the mechanical interruption of reperfusion but also by the application of isoflurane (Lee et al, 2008) . In a suture MCA occlusion model, postconditioning was conducted by maintaining 2% isoflurane for 60 min, starting at the time the MCA occluding suture was removed; no isoflurane was used during MCA occlusion. For rats receiving control ischemia, only 1 min of isoflurane was used for MCA suture removal (Lee et al, 2008) . The results showed that isoflurane postconditioning robustly reduced brain infarction and attenuated neurologic deficits.
Postconditioning Reduces Brain Injury after Global Ischemia
A few groups have studied the protective effects of rapid postconditioning on transient global cerebral ischemia. Wang et al (2008) showed that, as assayed 7 days after reperfusion, rapid postconditioning applied immediately after reperfusion attenuated neuronal death in both the hippocampus and the parietal cortex after a 10 min transient global ischemia. Consistent with its protective effects on neuronal survival, rapid postconditioning improves subject performance on spatial learning and memory in a water-maze test 3 weeks after reperfusion (Wang et al, 2008) , suggesting that rapid postconditioning provides long-term protection in global ischemia. Rehni and Singh (2007) have also shown that rapid postconditioning attenuates behavioral deficits after global ischemia in mice. However, they did not report how rapid postconditioning affects neuronal loss.
In all the studies discussed above, rapid postconditioning was conducted during early reperfusion after focal or global ischemia. However, delayed postconditioning can even be conducted at 2 days after reperfusion in rat global ischemia models (Burda et al, 2006b) . In these studies, global ischemia was induced by four-vessel occlusion, and postconditioning was conducted using four techniques, namely, short ischemia, injection of 3-nitropropionic acid, norepinephrine, or bradykinin (Burda et al, 2006a; Danielisova et al, 2006) . Delayed postconditioning with 5-to 6-min ischemia, or with intraperitoneal injection of norepinephrine or 3-nitropropionic acid at 2 days, resulted in neuronal survival of 80% to 100% after global ischemia (Burda et al, 2006b) . Although the authors also defined treatment with norepinephrine and bradykinin as a means of postconditioning that reduces cornu ammonis (CA) 1 neuronal injury (Danielisova et al, 2008) , this definition may be a matter of debate, because these two agents are more similar to regular pharmacological treatments.
Postconditioning Protects Against In Vitro Ischemia
Pignataro et al (2008) also found that postconditioning with oxygen glucose deprivation (OGD) reduced neuronal death in cortical culture. Postconditioning with 30 min of OGD conducted at 10, 30, or 60 min after reperfusion did not reduce cell death caused by a 120-min OGD; however, with a 10-min OGD initiated at 10 min of reperfusion, postconditioning robustly blocked cell death (Pignataro et al, 2008) . This study suggests that the onset time and duration of postconditioning are critical for generating neuroprotection.
Rapid postconditioning with brief OGD also blocks ischemic injury in rat organotypic hippocampal slice culture (Scartabelli et al, 2008) . Results showed that postconditioning with 3 min of OGD started at 5 min Postconditioning reduces infarction H Zhao after reperfusion reduced cell injury by B40%. In the same study, the protection of postconditioning was also induced by adding a low dose of a pharmacological agent, 3,5-dihydroxyphenylglycine (a group 1 mGlu receptor agonist), 5 min after reperfusion and incubating for 30 min. It has been reported that high dosages of 3,5-dihydroxyphenylglycine exacerbate, whereas low dosages inhibit neuronal injury (Scartabelli et al, 2008) . Lee et al (2008) also found that rapid isoflurane postconditioning protects against ischemic injury in slice organ culture, in which OGD was maintained for 15 min, and postconditioning was instituted by application of isoflurane after OGD. They found that the protective effect of isoflurane postconditioning is dependent on the duration and concentration of isoflurane exposure. Finally, isoflurane postconditioning started at 0 or 10 min, but not > 30 min after reperfusion, reduced cell damage, suggesting a similar therapeutic time window with ischemic postconditioning (Lee et al, 2008) .
Protective mechanisms of postconditioning against stroke
Protective mechanisms of postconditioning are largely unknown. Unlike preconditioning, which enables the brain to adapt to a subsequent severe ischemia, postconditioning cannot be studied separately from the stroke event. To study the protective mechanisms of postconditioning, usually the brain tissues from animals receiving stroke and postconditioning are harvested and studied, and the results are compared with tissues from control animals. Any findings about changes in pathophysiologic, cellular, and molecular levels in the brain after postconditioning are the outcomes of intermingled effects of postconditioning with stroke, rather than the sole effect of postconditioning. Thus, it is a challenge to dissect the protective mechanisms of postconditioning from the consequences of its protection.
Nevertheless, as ischemic postconditioning first interrupts reperfusion, the very first effect it generates must be closely associated with changes in cerebral blood flow (CBF), and with associated subsequent events, such as free radical production, endothelial function, changes in blood-brain barrier integrity, and inflammation, which occur because of interrupted CBF. The seemingly beneficial changes resulting from ischemic postconditioning may lead to an improved interaction in the neurovascular units between endothelial cells, pericytes, and astrocytes , which would have been disrupted without ischemic postconditioning. Although no reports have studied the impact of ischemic postconditioning on the neurovascular units, I assume that such an effect is the first protective mechanism of postconditioning. It then translates into protective effects on other down-stream cell signaling events, including inflammation, cytochrome c/caspase-mediated apoptotic pathways, Akt, MAPK, PKC, and K ATP pathways (Figure 2) . Therefore, in this article, the protective mechanisms of postconditioning are reviewed roughly in this order.
Postconditioning Primarily Targets Early Reperfusion, Reduces Free Radical Generation and Inflammation, Attenuates Edema Formation and Blood-Brain Barrier Leakage, and Blocks Apoptosis
A primary therapeutic strategy for ischemic stroke is to recanalize the occluded blood vessels to allow Figure 2 The diagram shows the cell signaling pathways, which were involved in postconditioning. Reperfusion after stroke leads to ROS eruption, which causes dysfunction of the Akt cell signaling pathway, increases d PKC activity, although decreases e PKC activity; in addition, ROS also activates JNK and ERK activity. Furthermore, the Akt pathway is associated with the JNK and ERK pathways. The PI3K-Akt inhibition directly results in dephosphorylation of GSK3b and b-catenin degradation, and indirectly causes cytochrome c release and caspase-s activity. e PKC may activate K ATP channel resulting in neuroprotection. ROS, reactive oxygen species; Cyto C, cytochrome c; Cas-3, caspase-3; GSK 3 b, glycogen synthase kinase 3b; PI3K, phosphoinositide 3-kinase; PKC, protein kinase C; P-Akt, phosphorylated Akt; P-PTEN, phosphorylated phosphatase and tensin homolog deleted on chromosome 10; P-PDK1, phosphorylated phosphoinositide-dependent protein kinase-1; JNK, c-Jun N-terminal kinases; ERK, extracellular signal-regulated kinases; K ATP channels, ATP-sensitive potassium channels.
Postconditioning reduces infarction H Zhao early reperfusion, which is made possible by administering the thrombolytic agent, tissue plasminogen activator (t-PA) (Fisher and Brott, 2003) , or by inserting mechanical devices to remove the occluding clot (Smith et al, 2005) . However, reperfusion is a double-edged sword, in that it also generates an overproduction of reactive oxygen species (ROS) or free radicals, leading to reperfusion injury in the ischemic brain (Chan, 1996) . Reperfusion injury has been confirmed repeatedly in many studies (Yang and Betz, 1994; Aronowski et al, 1997) .
As discussed before (Zhao, 2007) , partial reperfusion leads to a reduction in the infarct size. Moreover, our most recent study further showed that controlled reperfusion, in which the CBF was allowed to recover gradually, also attenuates brain injury after stroke (Gao et al, 2008a) . Similarly, an in vitro study has shown that gradual (as opposed to abrupt) reoxygenation after in vitro ischemia (OGD) produces less neuronal deaths in cell culture (Burda et al, 1995) . In contrast to the protective effect of partial reperfusion, hyperemic response has been suspected to be detrimental to the ischemic brain. Hyperemic response is often followed by hypotension or by a no-reflow phenomenon (Frerichs et al, 1992) , which further damages the ischemic brain.
As rapid postconditioning is instituted primarily to disrupt reperfusion, it is important to confirm whether it attenuates the hyperemic response, and whether it mitigates hypotension thereafter. Therefore, we initially measured the CBF in the penumbra in rats subjected to 15 or 30 min of bilateral CCA occlusion combined with permanent MCA occlusion (Gao et al, 2008a; . A clear hyperemic response was detected after reperfusion in rats subjected to 15 min of occlusion, and the CBF was recovered to preischemic levels in rats with 30 min of occlusion (Gao et al, 2008a; . Thus, we showed that rapid postconditioning interrupts reperfusion in these two models. Most importantly, rapid postconditioning improves CBF at 30 min after reperfusion (Gao et al, 2008a) , which was confirmed by another study using a global ischemia model (Wang et al, 2008) . Taken together, rapid postconditioning reduces cerebral ischemic injury by disrupting the early reperfusion and by improving reperfusion thereafter. Sudden, abrupt reperfusion results in overproduction of ROS, which leads to apoptosis (Chan, 1996) . In addition, the inflammatory response also exacerbates ischemic injury (Bowen et al, 2006) . Therefore, it is reasonable to examine whether rapid postconditioning attenuates ROS production and apoptosis, and whether it inhibits the inflammatory response. Indeed, we found that rapid postconditioning profoundly attenuated the amount of superoxide at 30 min after reperfusion in the model of 30-min CCA occlusion plus permanent MCA occlusion . Consistent with our findings, rapid postconditioning has been shown to attenuate lipid peroxidate levels in a focal ischemia model (Xing et al, 2008b) .
Moreover, other reports showed that rapid postconditioning performed 2 days after global ischemia increased the activities of antioxidant enzymes, including that of superoxide dismutase and catalase (Danielisova et al, 2006) . Furthermore, we have shown that rapid postconditioning blocked TUNEL (terminal deoxynucleotidyl transferase-mediated uridine 5 0 -triphosphate-biotin nick end labeling) positive staining, a marker of apoptosis, in the penumbra 2 days after stroke . In more recent findings, Wang et al (2008) further showed that rapid postconditioning reduced cytochrome c release from the mitochondria to the cytosol, a critical cascade for apoptosis induction. Taken together, these data suggest postconditioning may reduce ischemic injury by blocking apoptosis.
Rapid postconditioning may also inhibit inflammation after stroke. During the inflammatory response, leukocytes extravasate into the brain tissue, releasing ROS, thus attacking lipid membranes, DNA, and proteins (Chan, 1996) . Inflammation is mediated by cytokines, such as IL-1b and TNF-a, and adhesion molecules, such as ICAM-1 (Kriz, 2006) . A recent study showed that rapid postconditioning inhibits myeloperoxidase activity, an indicator of leukocyte accumulation, in the cortex 24 h after stroke (Xing et al, 2008a) . In addition, rapid postconditioning attenuates the expressions of IL-1b and TNF-a mRNA, and the ICAM-1 protein expression in the ischemic cortex at 24 h after ischemia (Xing et al, 2008a) . These results suggest that rapid postconditioning may produce an antiinflammatory effect.
Consistent with rapid postconditioning's improvement of CBF, delayed postconditioning enhances glucose uptake or metabolism as detected by micro PET imaging (Ren et al, 2008) . In addition, delayed postconditioning attenuates edema formation and the blood-brain barrier leakage. Reperfusion in ischemic stroke patients is usually achieved by the t-PA application. However, the t-PA's side effect that increases hemorrhage may worsen ischemic injury ). Thus, we tested whether delayed postconditioning counteracts the exacerbating effect of the t-PA, and found that delayed postconditioning mitigated the worsening effect of the t-PA on infarction (Ren et al, 2008) . However, in this study, reperfusion was restored by bilateral CCA release. Further study is required to test whether postconditioning reduces infarct size in an ischemia/reperfusion model, in which reperfusion is achieved by the t-PA.
The Akt Pathway Contributes to the Protective Effect of Postconditioning
Consistent with earlier studies showing that the Akt pathway contributes to neuronal survival after stroke , rapid postconditioning increases Akt phosphorylation (as measured by western blot) (Gao et al, 2008b; Pignataro et al, 2008) , and Akt Postconditioning reduces infarction H Zhao activity (assayed by an in vitro kinase assay) (Gao et al, 2008b) . Furthermore, Akt inhibition partially blocks the protective effect of rapid postconditioning (Gao et al, 2008b; Pignataro et al, 2008) . However, rapid postconditioning does not affect the PTEN (phosphatase and tensin homolog deleted on chromosome 10) or the PDK1 (phosphoinositide-dependent protein kinase-1) phosphorylation, but it does inhibit an increase in the GSK3b (glycogen synthase kinase 3b) phosphorylation. In the Akt pathway, Akt activity is increased when phosphorylation of PTEN and PDK1 is improved, and GSK3b phosphorylation supports cell survival (Zhao et al, 2006, review) . Dephosphorylation of GSK3b leads to its activation and to the phosphorylation of b-catenin, thus resulting in b-catenin degradation and apoptosis . We found that rapid postconditioning blocks b-catenin phosphorylation, but has no effect on the total or nonphosphorylated b-catenin protein levels (Gao et al, 2008b) . We concluded that the Akt pathway plays a critical role in the protection of postconditioning. This conclusion is further supported by a recent in vitro experiment showing that Akt inhibition abolished the protective effect of OGD and 3,5-dihydroxyphenylglycine postconditioning in hippocampal slice culture, a model which has been earlier discussed in this article (Scartabelli et al, 2008) .
MAPK Pathways are Involved in Postconditioning's Protection
The MAPK pathways, including extracellular signal regulated kinase 1/2 (ERK1/2), p38, and c-Jun N-terminal kinase (JNK) pathways, are also closely related to ischemic injury and neuronal survival (Sawe et al, 2008) . Jun N-terminal kinase and p38 appear to be clearly detrimental after stroke, and their inhibition blocks apoptosis in many neuronal death paradigms (Sawe et al, 2008) . However, ERK1/2's activity is involved in both neuroprotection, as well as injury exacerbation (Sawe et al, 2008) . In general, ERK1/2 phosphorylation (P-ERK1/2) is transiently increased after cerebral ischemia/ reperfusion. This increase is apparently involved in the beneficial effects of growth factors, estrogen, preconditioning, and hypothermia on the ischemic brain, but it also promotes inflammation and oxidative stress, and its inhibition reduces ischemic damage (Sawe et al, 2008) . Therefore, studying the changes in ERK1/2 may facilitate our understanding of its protective effects in postconditioning.
Our study confirmed that P-ERK1/2 was increased from 1 to 24 h after stroke, and found that rapid postconditioning reduced its level in the penumbra (Gao et al, 2008b) . Our results imply a detrimental role for P-ERK1/2 after ischemia, so its inhibition may contribute to the protection of rapid postconditioning. This observation differs with the findings from Pignataro et al (2008) , in which rapid postconditioning enhanced P-ERK1/2. However, in their study, increases in P-ERK1/2 may be unrelated to the protective effect of rapid postconditioning, as U0126, the antagonist of ERK1/2, did not block the protection of rapid postconditioning. The discrepancy between our result and that of Pignataro et al is probably because of differing ischemic models and postconditioning parameters used in these two studies.
Therefore, the puzzle regarding the role of ERK1/2 in rapid postconditioning has not been resolved. Earlier studies, including our own, have some limitations. First, the activity of ERK1/2 was evaluated by its phosphorylation alone (Gao et al, 2008b; Sawe et al, 2008) . As we saw in the case of Akt, the in vitro Akt kinase assay data suggested that Akt phosphorylation alone does not represent Akt activity . We deem that the same kinase activity assay for ERK should be performed. Second, the subcellular localization of ERK1/2 after stroke has not been studied. However, the ERK1/2 subcellular translocation may play a critical role in its actual neuroprotective and detrimental effects (Sawe et al, 2008) . Third, its spatial distribution in different cell types has not been analyzed. Fourth, in our own study, the ERK1/2 antagonists have not been tested in rapid postconditioning (Gao et al, 2008b) . Therefore, further study on the role of ERK1/2 in ischemic rapid postconditioning is warranted.
Postconditioning Inhibits dPKC Cleavage and Improves ePKC Phosphorylation
Stroke-induced apoptosis is also mediated by PKC pathways. There are at least 11 isozymes of the PKC family, including dPKC and ePKC (Casabona, 1997) . The PKC isozymes differ according to their intracellular location and function, and their activities are regulated by their subcellular location, cleavage form, and phosphorylation. Although the dPKC activity usually leads to cell death (Shimohata et al, 2007b) , ePKC promotes neuronal survival (Shimohata et al, 2007a) .
We found that rapid postconditioning had no effect on the protein levels of total dPKC, but blocked the increase in levels of the cleaved form of dPKC, indicative of dPKC activity, at 1 h after stroke in the penumbra (Gao et al, 2008b) . Although rapid postconditioning had no effect on phosphorylated dPKC (thr 505) levels, which were decreased by 24 h after stroke onset, it strongly inhibited decreases in phosphorylated ePKC after stroke. Our results suggest that rapid postconditioning may reduce ischemic damage by inhibiting the worsening effect of dPKC, while promoting a beneficial effect of ePKC activity (Gao et al, 2008b) .
The Role of K ATP Channels
The K ATP channels open when ATP is depleted after ischemia, and their opening is critical for the induction of the protective effect of ischemic Postconditioning reduces infarction H Zhao preconditioning, as well as postconditioning in the heart. Its role in preconditioning against brain ischemia has also been reported. The K ATP channels consist of two types that vary by location, namely, sarcolemmal and mitochondrial. The mitochondrial K ATP channels have been studied the most, because their opening generates an outward current stabilizing the mitochondrial membrane, therefore, blocking cell death. In the same vein, Lee et al (2008) reported that both a general channel blocker, glibenclamide, and a mitochondrial channel blocker, 5-HD, abolished the protective effect of isoflurane postconditioning, suggesting that the K ATP channels may be involved in the protective mechanisms of postconditioning.
Open questions, hypotheses, and future directions
Before postconditioning can be translated clinically, numerous obstacles between the laboratory and the clinic must be cleared, and the protective mechanisms should be studied thoroughly. For instance, stroke occurs mostly in the aged, male and female populations. However, all current studies were carried out in young adult, male rodent animals. Therefore, whether ischemic postconditioning protects against stroke in animals of different genders and ages, and in higher vertebrates, should be tested. In addition, the protective mechanisms remain unknown. Does postconditioning boost endogenous protective mechanisms as does preconditioning? Moreover, does pharmacological postconditioning share similar protective mechanisms with ischemic postconditioning?
Ischemic postconditioning may possibly be applied to many clinical settings for patients subjected to surgery and to endovascular therapy associated with blood vessel occlusion and revascularization. However, before applying postconditioning to stroke patients, at least three prerequisites must be satisfied based on current postconditioning models. First, CBF must be restored promptly after stroke. Second, therapeutic time windows must be well defined. Third, the recanalized cerebral artery must be accessible for performing ischemic postconditioning.
Prerequisite 1
Currently, reperfusion is usually restored using mechanical devices or t-PA. In the case of reperfusion achieved by mechanical devices, ischemic postconditioning may be performed directly through the reopened blood vessels. In the case of t-PA application, although we most recently showed that delayed postconditioning attenuated the worsening effect of t-PA administration in a focal ischemia model with mechanical reperfusion (Ren et al, 2008) , no reports have studied the protective effect of ischemic postconditioning in a t-PA reperfusion model, which, therefore, should be pursued. However, the reperfusion pattern induced by t-PA treatment differs from that of mechanical reperfusion models, which may remain a major challenge for postconditioning, as t-PA may require a few hours to resolve a blood clot. When and how ischemic postconditioning can be applied in this case must be explored.
Prerequisite 2
Regarding therapeutic time windows, in the most current studies, postconditioning was conducted from a few seconds to a few minutes after reperfusion. In reality, such a narrow therapeutic time window will constitute a major obstacle to clinical translation. Nevertheless, as discussed earlier in this article, Burda and colleagues have shown repeatedly that postconditioning performed 2 days after reperfusion in global ischemia still robustly reduces hippocampal injury, and we have shown that delayed postconditioning performed as late as 6 h after stroke reduced infarct size (Ren et al, 2008) . These open a wide window for postconditioning application in both focal and global ischemia. However, the protective effects of delayed postconditioning need to be confirmed by other laboratories.
Prerequisite 3
For cases in which cerebral blood vessels are not available for performing ischemic postconditioning, one could use: (1) blood vessels outside the brain; (2) pharmacological mimics; and (3) remote postconditioning.
In most current (animal) studies, ischemic postconditioning was performed directly through the reopened MCA. However, the accessibility of the MCA is a major challenge in clinical settings. Our laboratory performed postconditioning through the CCAs, which may be more easily accessible on stroke patients. In fact, physicians often manually compress the carotid artery for the insertion of guiding catheters into the carotid artery (Yoshimura et al, 2006) , or to occlude the carotid artery using an endoluminal balloon for controlling a sudden blow out of the carotid artery because of gross infection, and for resection of the carotid artery (Sakakibara et al, 1998) . In addition, carotid endarterectomy is widely used for stroke prevention; briefly occluding the carotid artery has been proven safe (Deriu et al, 1994) . Therefore, ischemic postconditioning through manipulation of the CCA may be an alternative method.
In addition, pharmacological mimics have appeared to be an effective means of postconditioning. However, as pharmacological agents used for postconditioning are neurotoxic, it will be critical to define the precise dosage and temporal characteristics of these Postconditioning reduces infarction H Zhao pharmacological postconditioning to avoid their side effects. The third alternative for resolving the issue of accessibility of cerebral blood vessel is to use remote ischemic postconditioning. In the research field of myocardial infarction, remote ischemic postconditioning refers to ischemic postconditioning performed in a remote, nonvital organ that protects against myocardial ischemia (Andreka et al, 2007; Penna et al, 2008) . It has not been reported whether remote ischemic postconditioning protects against brain ischemia. Pilot results in our laboratory have shown that remote postconditioning performed in the ipsilateral hind limb reduced brain injury after focal ischemia (unpublished results), which, however, is subjected to verification from other laboratories. All the aforementioned hypotheses about performing postconditioning are based on the prerequisites of reperfusion. However, one may even boldly imagine whether reperfusion is necessary for some form of postconditioning. In this case, however, postconditioning would be redefined as an insult applied after stroke. Earlier studies have shown that the ischemic penumbra is salvageable after permanent MCA occlusion, and reperfusion is not a prerequisite for many kinds of neuroprotectants (Clark et al, 2008; Min et al, 2008) . Therefore, it is intriguing to test whether some patterns of postconditioning rescue ischemic penumbra without reperfusion.
Concluding remarks
A number of studies have shown that postconditioning reduces infarction in the immediate aftermath of stroke, but more studies are needed to confirm whether it offers long-term protection, and improves animals' neurobehavioral functions. Postconditioning seems to reduce ischemic injury by blocking the overproduction of ROS and lipid peroxidation, and by inhibiting apoptosis. The initial inhibiting effect on ROS may lead to an improved activity of the Akt and K ATP channels, which contributes to the protection of postconditioning. In addition, the changes in the MAPK pathways and in the dPKC and ePKC activities are also associated with the protection of postconditioning. Despite this impressive progress, many obstacles remain for translating postconditoning into the clinic. Future studies are required to address the fundamental protective mechanisms, blood vessel accessibility, and therapeutic time windows in multiple animal models with different genders and ages.
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